Objectives: To generate a preliminary bedside predictor of rapid time-to-death after withdrawal of support in children to help identify potential candidates for organ donation after circulatory death.
O rgan donation is an increasingly common option for children pronounced dead by cardiopulmonary criteria. This process, known as donation after circulatory death (DCD), accounted for 847 (11%) of the 7990 deceased organ donors in 2008, of whom 73 (9%) were younger than 18 yrs of age (based on data from the Organ Procurement and Transplantation Network as of September 18, 2009 ). This represents an increase of 50% from the 564 DCD donors in 2005. In the United States, the typical DCD donor is a terminally ill or injured patient for whom the best course of action, as judged by the patient or the patient's surrogate and the medical team, is to withdraw lifesustaining therapies; the patient then donates organs after death is declared by cardiopulmonary criteria under carefully controlled and monitored circumstances.
While dying, patients inescapably become hypoxemic and hypotensive. This inevitably results in ischemic damage to potentially transplantable organs, which if severe enough may preclude transplantation. There is currently no way to measure directly the degree of injury occurring as a patient dies to assess the viability of the organs for transplantation. Instead, the time interval between withdrawal of life-sustaining therapies and death is commonly used as a surrogate. If this interval is too long, then organs are considered nonviable for transplantation. There are no evidence-based or consensus guidelines regarding how long constitutes "too long;" typically, the liver is considered nontransplantable if time to death is >30 mins, and the kidneys are considered nontransplantable if time to death is >60 mins.
An accurate tool to predict time to death in children would be useful for families and care providers. An estimate of time to death might help families decide whether to pursue DCD as an option for end-of-life care and would help care providers plan for the circumstances of end-of-life care, including the potential for DCD.
No pediatric tool currently exists to predict time to death after withdrawal of life-sustaining therapies. Two tools exist for adults, but both are of limited utility in critically ill infants and children. The University of Wisconsin DCD Evaluation Tool (1) has several criteria (respiratory rate, spontaneous tidal volume, patient age) with ranges that are not appropriate for children; for example, tidal volume <200 mL is considered a poor predictor in the Wisconsin tool but may be a normal value in children. The United Network for Organ Sharing prediction criteria, which have been validated in adults (2), have similar limitations with physiologic criteria and also include criteria for therapies that are rarely used in infants and small children (e.g., intra-aortic balloon pumps and ventricular assist devices). In addition, for reasons that are unclear and likely multifactorial, infants and children tend to die much more rapidly than adults after withdrawal of life-sustaining therapies (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .
Given these limitations in the existing tools and the marked differences between adults and children at end-of-life, we sought to develop a practical tool for bedside use in pediatrics. We used a large database of electronic medical records at a single pediatric tertiary medical center (Children's Medical Center Dallas) to derive a prediction tool using statistical methodology. This study was performed in parallel with an investigation of the potential impact of a DCD protocol on the number of potential liver and kidney donors at our institution (13).
MATERIALS AND METHODS
As a retrospective analysis of existing medical records, the Institutional Review Board at the University of Texas Southwestern Medical Center considered this study exempt from review. Children's Medical Center Dallas has a 62-bed pediatric intensive care unit consisting of a 33-bed combined medical/surgical unit, an 11-bed trauma/neurosurgical unit, and an 18-bed cardiac intensive care unit. The combined pediatric intensive care units admit approximately 3,000 patients/yr with a variety of congenital and acquired diseases, performing all manner of therapies including solid organ transplantation and extracorporeal membrane oxygenation support. Children's Medical Center Dallas is also a level I trauma center.
We queried the pediatric intensive care unit electronic medical record database (Eclipsys, Atlanta, GA) from its inception in May 1996, and identified all deaths through April 2007. We then reviewed each patient's chart and categorized the circumstances (mode) of their deaths as being associated with the withdrawal of life-sustaining therapies, death by neurologic criteria (brain death), failed attempt at cardiopulmonary resuscitation, or natural death in conjunction with a do-not-resuscitate order. Although withdrawal and limitation of life-sustaining therapies may be considered ethically equivalent (14) , for the purposes of DCD and this study, we considered only patients in whom such therapies were actively removed to have undergone withdrawal.
Demographic, physiologic, and supportive parameters were recorded for patients undergoing withdrawal of support (Table 1) . Physiologic data included the most recent laboratory values obtained for each patient.
Supportive data were recorded at the time of withdrawal. Data were categorized, when possible, to parallel the existing adult prediction tools. The time at which the first life-sustaining therapy was removed was considered the time of withdrawal and was abstracted from the physicians', nurses', and respiratory therapists' notes. Time of the declaration of death was abstracted from the physicians' death note. Time to death after withdrawal of support was calculated as the interval from the time of withdrawal to the time of death.
In keeping with typical DCD practice for liver and kidney viability, separate statistical models were generated to predict death within 30 mins and death within 60 mins. First, the bivariate association of each parameter with time to death was determined. Parameters with bivariate significance were entered into a stepwise forward multiple logistic model (entry p = .15, removal p = .5) using death within 30 mins (or 60 mins) as the outcome. Coefficients for each model were multiplied by ten and rounded to generate an integer point score for each parameter. The sum of the scores for each parameter was designated the 30-min score and the 60-min score. Scores for each model were calculated for each patient (a sample score sheet is provided in Table  7 , and a sample calculation is provided in Table 8 ).
As a check of each model, the cohort was separated into quintiles based on the range of predictor scores. The mean probability of death within the designated time period (30 or 60 mins) was determined for the range of scores corresponding to each quintile and was compared to the observed frequency of death within that interval for that quintile. The overall classification accuracy was then determined.
In a previous report from this group (13), we defined physiologic and time-to-death criteria for liver and kidney donation ( Table 2 ) and estimated the number of potential donors in this population. To check the robustness of the 30-min and 60-min scores in this population of interest, we compared the predicted probability vs. observed frequency of death within the designated time period in the subgroup of patients who met physiologic criteria for organ donation (ignoring time to death as a criterion for donation). Patients who were missing data for any organ donor criterion were considered noncandidates.
RESULTS
Over the nearly 11 yrs queried in the electronic medical record, 1389 patients died (overall mortality rate, 5.3%). Of the 634 patients who died after withdrawal of life-sustaining therapies, 518 (82%) had complete data and were analyzed ( Fig. 1) . Patient demographics are given in Table 3 . Median age was 10 months (range, 2 days-21 yrs; interquartile range, 1 month-6 yrs). Most patients had primary disease of the central nervous (29%) or cardiovascular (24%) systems. Median time to death after withdrawal of support was 17 mins and was strongly right-skewed (range, 0 min-73 hrs 25 mins; interquartile range, 9-35 mins). Three hundred seventy-three (72%) patients died within 30 mins of withdrawal of support, 452 (87%) died within 60 mins, and 66 (13%) died 60 mins or more after withdrawal.
Bivariate associations of each parameter with death within 30 or 60 mins of withdrawal of support are shown in Table 4 . Significant parameters were essentially the same for both models: age 1 month or younger; the presence of two or more inotropes; dose of epinephrine, norepinephrine, or phenylephrine >0.2 µg/kg/min; use of extracorporeal membrane oxygenation; Fio 2 >0.5; positive end-expiratory pressure >10; inverse association with the presence of spontaneous ventilation; and no association with presence or type of artificial airway, Sao 2 , or dose of dopamine >15 µg/kg/min. Death within 60 mins was also associated with diagnosis of primary tumor (but no other diagnosis) and use of nonconventional ventilation (oscillatory, jet, or airway pressure-release ventilation).
The logistic regressions yielded chisquare test p < .0001 for both the 30-min and 60-min models; Hosmer and Lemeshow test p = .22 and .43 for the 30-min and 60-min models, respectively, confirming adequate model fit. Significant parameters for both multiple logistic regression models were the same: age 1 month or younger; use of norepinephrine or phenylephrine >0.2 µg/kg/min; use of extracorporeal membrane oxygenation; positive end-expiratory pressure >10; and the presence of spontaneous ventilation. The 30-min model correctly predicted 352 of the 373 deaths within 30 mins (94.4%) and 34 of the 145 deaths taking >30 mins (23.4%), for an overall classification accuracy of 74.5%. Of the deaths within 60 mins, the 60-min model correctly predicted 447 of the 452 deaths within 60 mins (98.9%) and 5 of the 66 deaths taking >60 mins (7.6%), for an overall classification accuracy of 87.3%. The transformation of the logistic regression models into pointbased scales is shown in Table 5 .
The 30-min model predicted that of the quintile of subjects with the lowest scores, 37% would die within 30 mins; we observed that 51% of these subjects died within 30 mins (Table 6 ). The model also predicted that 87% of the quintile of subjects with the highest scores would die within 30 mins; we observed an 89% frequency of death.
The 60-min model predicted that 59% of the quintile of subjects with the lowest scores would die within 60 mins; we observed 63%. The model further predicted that 98% of the quintile with the highest scores would die within 60 mins; the observed frequency of death was 100%.
In the subgroup of patients who met physiologic criteria for organ donation, the frequencies of death within 30 mins or 60 mins after withdrawal of support were similar to those in the cohort as a whole (Table 6 ). Of the 166 patients who met criteria for organ donation, 74% died within 30 mins and 87% within 60 mins of withdrawal vs. 72% and 87%, respectively, of the cohort as a whole; this pattern was repeated within each range of scores for both models.
DISCUSSION
This is the first study involving children to develop a bedside tool for predicting time to death after withdrawal of life-sustaining therapies for use in DCD. The tool we generated has an overall accuracy that is comparable to the two existing tools for adults but is more applicable to infants and children.
As with other reports in children after withdrawal of support (3-5,7) and in actual pediatric DCD donors (6, 15) , most patients in this cohort died rapidly, within 60 mins of withdrawal of support. Importantly, we found that rapid death was much more likely in patients with high predictor scores compared with low scores, regardless of whether the child was a potential organ donor. The value of this tool is that it seems able to differentiate children in this cohort based on their probability of death within 30 or 60 mins after withdrawal of support-an essential piece of information when assessing a child as a potential candidate for DCD.
There was no difference in time to death between potential organ donors and the remainder of the cohort. Given that poor liver and kidney function are associated with increased risk of mortality in general (16, 17) , one might expect that patients whose liver and kidney functions were good enough to meet physiologic donation criteria would survive longer after withdrawal than those with inferior liver and kidney functions. We instead found that potential donors and nondonors had nearly identical times to death. This finding strengthens the models, suggesting they are applicable to terminally ill children in general and not only those who are potential organ donors.
The major limitation of this study is that it is a single-center retrospective review of deaths that occurred using family-centered end-of-life care rather than the carefully controlled and monitored conditions recommended for DCD (18) (19) (20) (21) (22) (23) (24) . Some important findings on the physical examination may not have been captured in our chart review. For example, a patient who initiated every ventilator breath but took no additional breaths above the set ventilator rate would have been classified as "no spontaneous breaths" in this study, despite clearly not being apneic. Some neurologic findings, such as pupillary response or cough/gag, also were not captured. Further, some critical parameters, such as the ability to spontaneously maintain an airway, cannot be fully assessed even prospectively until after extubation. Any of these may have resulted in inaccuracies in predicting time to death; however, some imprecision is inherent in any preliminary model.
We are confident that the times of withdrawal recorded in the electronic medical record are accurate. However, it is likely that many of the recorded times of death are imprecise, because the pronouncing physicians were likely comforting the family and ensuring a death free NS, not significant. a Patients who had 0% spontaneous ventilation also had a spontaneous respiratory rate of 0. For simplicity, they are described as "No spontaneous breathing above ventilator rate" in Table 3 , but the differing statistical values are shown here explicitly. from suffering rather than determining an unequivocal time of death. The observed times to death, therefore, may have been inaccurately long, leading to misclassification with a bias toward false-negatives (death actually occurring within 30 or 60 mins misclassified as occurring outside these intervals). A second limitation is that a large proportion of our cohort died within the designated intervals of 30 or 60 mins, which somewhat weakens the discriminatory power of the models because fewer deaths outside the designated intervals are available for comparison. The purpose of these predictive models is to discriminate those who are likely to die within the designated time intervals from those who are not. Although an ideal model would have an accuracy of 100%, we feel that the accuracies of the 30-min and 60-min models are reasonable for preliminary models, particularly because their accuracy is comparable to that of the adult predictors. Further refinement of the models with prospective validation is required, however.
Third, we chose to transform the coefficients of our prediction models to integer point scores to make the scoring systems easier to use at the bedside. This approach has been used in scoring systems that are currently in wide use, such as the Pediatric Risk of Mortality Score version 3 (16) and the Simplified Therapeutic Intervention Scoring System (25). The rounding of coefficients to generate point scores somewhat diminishes the precision of the scores, but we feel that the resulting inaccuracy is reasonably small and is more than counterbalanced by the resulting improvement in ease of use.
As a single-center study, it is possible that these observations are unique to the patient population and practice at Children's Medical Center Dallas, and are not applicable to children at other institutions. Patient demographics were similar across the 11 yrs of this study; however, it is possible that unrecognized variations in population or practice may have influenced these results. The proportions of patients experiencing each mode of dying were similar to previously published reports in children (3) (4) (5) (26) (27) (28) (29) , suggesting that the patient population and end-oflife care practices at our institution are similar overall to those at other pediatric institutions. However, because clinical resources (such as extracorporeal membrane oxygenation) and end-of-life practices in the pediatric intensive care unit may be extremely variable (30) , further validation studies are required before generalizing this predictor to other pediatric institutions. It is possible that the criteria we selected to define potential organ donors are inappropriate. We intentionally chose criteria that were relatively conservative compared to other studies estimating (3, 15, 31) ; however, this may have caused misclassification bias toward fewer potential donors. Finally, patients whose families elected to continue life-sustaining therapies or who did not die in our pediatric intensive care unit were not captured in this cohort, potentially reducing the power of these models.
CONCLUSIONS
This tool is a reasonable preliminary bedside predictor for death within 30 or 60 mins after withdrawal of support in terminally ill or injured children and can help identify pediatric patients who might be candidates for DCD. Prospective validation is required, however, and will likely result in modifications to the tool.
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Data regarding the size of the DCD donor pool was supplied free on request by the Organ Procurement and Transplant Network, which is supported in part by Health Resources and Services Administration contract 234-2005-370011C. The content is the responsibility of the authors alone and does not necessarily reflect the views or policies of the Department of Health and Human Services, nor does mention of trade names, commercial products, or organizations imply endorsement by the U.S. Government. We thank Edward Gracely, PhD, of Drexel University College of Medicine for statistical review of this manuscript. Table 8 . Sample score calculations for an 18-mo-old with spontaneous asphyxial cardiac arrest after aspirating a peanut who has severe hypoxic-ischemic encephalopathy and multiorgan system failure and for a 6-mo-old with severe inflicted traumatic brain injury who is comatose but breathing Consider an 18-mo-old with spontaneous asphyxial cardiac arrest after aspirating a peanut who has severe hypoxic-ischemic encephalopathy and multiorgan system failure, is on high ventilator settings with a positive end-expiratory pressure of 12, is not overbreathing the set ventilator rate (synchronized intermittent mandatory ventilation rate) of 20, and is in cardiovascular failure requiring dopamine at 10 mcg/kg/min and epinephrine 0.25 mcg/kg/min. This patient's 30-min and 60-min predictor scores are shown. This patient would have an 87% probability of dying within 30 mins of withdrawal of support and a 98% probability of dying within 60 min of withdrawal (see Table 6 ).
Consider a 6-mo-old with severe inflicted traumatic brain injury who is comatose but breathing above the set ventilator rate, no lung disease, and a positive end-expiratory pressure of 5 on the ventilator, and administered 5 mcg/kg/min of dopamine to maintain adequate cerebral perfusion pressure. This patient's 30-min and 60-minu predictor scores are shown. This patient would have a 51% probability of dying within 30 mins after withdrawal of life-sustaining therapies and a 59% probability of dying within 60 mins of withdrawal.
